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CKM Matrix and Standard-Model CP Violation 

Jonathan L. Rosner^ 

'^Enrico Fermi Institute University of Chicago 
5640 S. EUis Avenue, Chicago IL 60637 

The currently favored model of CP violation is based on phases in the Cabibbo-Kobayashi-Maskawa (CKM) 
matrix describing the weak charge-changing couplings of quarks. The present status of parameters of this matrix 
is described. Tests of the theory, with particular emphasis on the study of B meson decays, are then noted. 
Some remarks are made regarding the possible origin of the baryon asymmetry of the universe; the corresponding 
coupling pattern of the leptons could shed light on the question. Some possibilities for non-standard physics are 
discussed. 
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1. INTRODUCTION 

For more than thirty years, the neutral kaon 
system has been the only direct place in which 
CP violation has been seen The cur- 

rently favored theory of this phenomenon in- 
volves complex phases in the Cabibbo-Kobayashi- 
Maskawa (CKM) matrix [||J|] describing the 
charge-changing weak transitions of quarks. It 
is very likely that a number of experiments will 
be able to test this theory in the next few years. 
The present talk is meant as an overview of this 
activity, with particular emphasis on B decays. 
A number of related subjects arc covered in more 
detail by other speakers at this Workshop. 

We begin in Section 2 with a survey of the 
patterns of quark and lepton masses and cou- 
plings. The latter are described by parameters 
of the CKM matrix whose current status we re- 
view in Section 3. We then turn in Section 4 
to some tests of this picture based on B meson 
decays. The baryon asymmetry of the Universe, 
described briefly in Section 5, provides indirect 
evidence for CP violation, though the CKM pat- 
tern alone is probably insufficent for understand- 
ing it. Some possibilities for non-standard physics 
are discussed in Section 6, while Section 7 con- 
cludes. 

2. QUARK AND LEPTON PATTERNS 

The present status of quark and lepton masses 
and couplings is summarized in Figure 1. The top 
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Figure 1 . Patterns of charge-changing weak tran- 
sitions among quarks and leptons. Direct evi- 
dence for does not yet exist. The strongest 
inter-quark transitions correspond to the solid 
lines, with dashed, dot-dashed, and dotted lines 
corresponding to successively weaker transitions. 
Upper bounds on neutrino masses are indicated 
by arrows. 



quark is the heaviest known, but the fractional 
error on its mass, rrit = 175 ±6 GeV/c^ Q], is now 
the smallest for any quark! A detailed pattern of 
charge-changing couplings among quarks occurs; 
in addition to the dominant couplings m <-*■ d, 
c s, and i <-> 6, all the others are allowed, but 
with diminished strengths, as shown in Table 1. 
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Table 1 

Relative strengths of charge-changing weak tran- 
sitions. 

Relative Trans- Source of information 



ampl. 


ition 


(example) 


~ 1 


u <-> d 


Nuclear /3-decay 


~ 1 


c <-> s 


Charm decays 


- 0.22 


u ^ s 


Strange particle decays 


- 0.22 


c ^ d 


Neutrino charm prod. 


- 0.04 


c ^ h 


h decays 


- 0.003 


u h 


Charmless h decays 


- 1 


t <-> b 


Dominance of i ^ Wh 


~ 0.04 


t ^ s 


Only indirect evidence 


~ 0.01 


t ^ d 


Only indirect evidence 
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Figure 2. Unitarity triangle for CKM elements. 
We show in the complex plane the relation (Q) 
divided by the normalizing factor . 



The couplings in Table 1 are encoded in 
the unitary 3x3 Cabibbo-Kobayashi-Maskawa 
(CKM) matrix. We now explore the current sta- 
tus of its parameters. More complete discussions 
may be found in §, ||, and §. 

3. CKM MATRIX AND PARAMETERS 

The CKM matrix V describing the charge- 
changing weak transitions of left-handed quarks 
may be written as H 



V 



1 



- AV2 
-A 
1 — p — ir/) 



A 

- AV2 
-AA2 



AA3(p- 
AA2 
1 



The quantity A = 0.2205 ± 0.0018 = sin6lc §@ 
expresses the suppression of s — > u decays with 
respect io d ^ u decays [§,|ll[ . This parameter is 
sufficient to describe the u, d, s, and c couplings 
via the upper left 2x2 submatrix of V ||l^ . 

When a third family of quarks is added, three 
more parameters are needed. One may express 
them in terms of (1) the strength characterizing 
6 -> c decays, AX^ = 0.0393 ± 0.0028 |,|l3| so 
that A = 0.808 ± 0.058 (see §, @ for slightly 
different values); (2) the magnitude of the h ^ u 
transition element measured in charmless b de- 
cays, Vub/Vcb = 0.08 ± 0.016 |1 (see also |l|l) so 
that 



(3) the phase of V^h — AX'^ {p — irj) . The unitarity 
of the CKM matrix implies that the scalar prod- 
uct of the complex conjugate of any row with any 
other row should vanish, e.g.. 



v:dVtd + v:,vts + v:bVtb = o 



(2) 



(p2 +7^2^1/2 = 0.363 ±0.073 



(1) 



Since ~ 1, « A, Vt, « -AX^, and Vtb « 1 
we have Vtd + V*i^ — AX^, expressing the least- 
known CKM elements in terms of relatively well- 
known parameters. This result can be visualized 
as a triangle in the complex plane. Dividing (^) 
by AX\ since V^JAX^ = P + iV, Vtd/AX'' = 
l — p^if], one obtains a triangle of the form shown 
in Fig. 2. In this figure the angles a, (3, and 7 are 
defined as in |jl^ . Each can be measured using B 
meson decays. 

The value of V*j^/AX^ may then be depicted as 
a point in the (p, 77) plane. The major remain- 
ing ambiguity in the determination of the CKM 
matrix elements concerns the phase of V^b , or the 
shape of the unitarity triangle. The answer de- 
pends on the value of Vtd- In order to learn about 
this one must resort to indirect means, which in- 
volve loop diagrams. 

3.1. B° - B° mixing 

Box diagrams involving u, c, and t in loops con- 
tribute to the virtual bd ^ db transitions which 
mix and B'^ . The leading contribution at high 
internal momentum in these diagrams cancels as 
a consequence of (||) . The remaining contribution 
is dominated by the top quark since all products 
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of CKM elements VqbV*^ are of order while 
rrit 3> rric, m„. The expression for the splitting 
between mass eigenstates is then [|7| 



w 



where 



Si.) . f 



6x^ In c 



3- 9a; 



(3) 



(4) 



Mw = 



We take mt = 175 ± 6 GeV/c^ 
80.34±0.10 GeV/c2 0, = 5.279 GeV/c^ (see 
(To)), and fsyMs = 200 ± 40 MeV |,§. Here 
/s is the B meson decay constant, defined so that 
the matrix element of the weak axial- vector cur- 
rent Af^ = b^fi^dd between a B° meson and the 
vacuum is {0\Af^\B°{p)) — ip^fs- With this nor- 
malization, the decay constants of the light pseu- 
doscalar mesons are /tt = 131 MeV and Jk = 160 
MeV. The decay constants express the amplitude 
for the corresponding quark and antiquark (e.g., 
b and d) to be found at a point, as they must in 
order to participate in the short-distance process 
associated with the box diagrams. 

The factor Bb expresses the degree to which 
the box diagrams provide the contribution to B — 
B mixing. An estimate in lattice gauge theories 
(H) is Bb 1.16 ± 0.08. Finally, rys = 0.55 is a 
QCD correction. All quantities are quoted in the 
same consistent renormalization scheme . 

The first evidence for mixing of nonstrange 
B's was obtained by the ARGUS Collaboration 
|20[ . The large mixing amplitude, Am/T ~ 0.7 
(where Am is the mass difference between mass 
eigenstates and F is the B meson decay rate), 
was one early indication of a very heavy top 
quark. With the rapidly moving B mesons and 
the fine vertex information now available at LEP 
(Till], CDF H, and SLD || (see also ||), 
it has become possible to directly observe time- 
dependent B^ — B^ oscillations with a modulat- 
ing factor sin(ATOi) (where t is the proper decay 
time). The current world average |p5|| is Ato^j = 
0.470 ± 0.017 ps~^, where the subscript refers to 
the mixing between B'^ = bd and = bd. Us- 
ing (^) and the parameters mentioned above, we 
can then obtain an estimate of \Vtd\, which leads. 



Table 2 

Values of fo^ obtained by measuring the rates for 
Da — !■ and/or tv 



Expt. (Ref.; 



fo^ (MeV) 



a (MeV) 



WA75 

CLEO 
EES p 
E653jp9 
L3 is 



232 ± 45 ± 20 ± 48 
284 ± 30 ± 30 ± 16 

4301^^° ± 40 
194 ± 35 ± 20 ± 14 
311 ± 58 ± 32 ± 16 



69 
45 
146 
43 
68 



Average 



253 



26 



once we factor out a term , to the constraint 



\l- p-iri\ = 1.01 ±0.22 



(5) 



This result can be plotted in the (p, rj) plane as a 
band bounded by circles with centers at (1,0). 

Now that the top quark mass is known so pre- 
cisely, the dominant source of error in Eq. (^) is 
uncertainty in the B meson decay constant fs- 
Although the desired quantity Jb has not yet 
been measured directly, a number of results on 
the decay constant fn^ have appeared over the 
past few years p6|-|30t ; these serve to check calcu- 
lations of Jb- The values of Jd, obtained by mea- 
suring the rates for Dg — > (and sometimes tv) 
are summarized in Table 2. The errors are statis- 
tical, systematic, and (where shown) branching 
ratio of calibrating mode. These are added in 
quadrature to obtain the value of a in the last 
column. One can also estimate Jd^ by assum- 
ing factorization in certain B decays in which the 
charged weak current produces a I?s . The re- 
sults are consistent with the above average. 

One D ^ fiv event has been detected by the 
EES group, leading to fo = 300ti^J];^^ MeV 
||3l| ]. This result is consistent with the previous 
upper bound of 290 MeV (90% c.l.) obtained by 
Mark III |^^. Flavor SU(3)-breaking estimates in 
lattice gauge theories and quark models |34| 
imply fo/fo^ = 0.8 to 0.9. 

Lattice gauge theories and quark models are 
both are converging on the range /b ~ 180 ± 40 
MeV, implying branching ratios _B(i? — s- tv) c± 
(1/2) X 10--* and B{B ^ ^i/) ~ 2 x 10"^ [||. 
These small rates pose a challenge to B factories. 
The same SU(3) estimates for the ratio of fo/ fo^ 
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also give a very similar ratio of Jb/ fs^- Equal- 
ity of these two ratios is expected within a few 
percent Q. 

3.2. CP-violating K° - K° mixing 

The A'" and K'^ are strong-interaction eigen- 
states of opposite strangeness. However, since the 
weak interactions do not conserve strangeness, 
they pick out linear combinations of K'^ and K'^ in 
decay processes |3^. As of 1957, when the weak 
interactions were understood to violate charge- 
conjugation invariance C and spatial reflection P 
but to preserve their product CP, one expected 
@ the linear combination K° = {K° + K°)/V2, 
with even CP, to have a much more rapid decay 
rate since it could decay to the CP-even final state 
of two pions. The orthogonal linear combination 
= {K° - K°)/V2, with odd CP (seen in 1956 
pot), would live much longer since it was forbid- 
den by CP invariance to decay to two pions and 
would have to decay to three pions or a pion and 
a lepton-neutrino pair. 

In 1964 J. Christenson, J. Cronin, V. Fitch, 
and R. Turlay reported that in fact the long-lived 
neutral kaon did decay to two pions, with an am- 
plitude whose magnitude is about 2 x 10"'^ that 
for the short-lived K ^ 2tt decay [0. One then 
can parametrize the mass eigenstates as 

Ks~Ki+ eK2 , Kl^K2 + eKi , (6) 

where |e| ~ 2 x 10^"^ and the phase of e turns 
out to be about 7r/4. The parameter e encodes 
all current knowledge about CP violation in the 
neutral kaon system. Where does it come from? 

One possibility, proposed [Q immediately af- 
ter the discovery and still not excluded, is a "su- 
perweak" CP-violating interaction which directly 
mixes K'^ — ds and K'^ — sd. This interac- 
tion would have no other observable consequences 
since the if ° — K'^ system is so sensitive to it! 

The presence of three quark families ^ poses 
another opportunity for explaining CP viola- 
tion through box diagrams involving u, c, and 
t quarks. With three quark families, phases in 
complex coupling coefficients cannot be removed 
by redefinition of quark phases. Within some 
approximations |3^, the parameter e is directly 
proportional to the imaginary part of the mixing 



amplitude. Its magnitude (see or for a 
calculation in the limit of mt <C M\y) is |17| 

' ' V2(127r2)AmK 

[T^iS{xc)Icc + ri2S{xt)Itt + '^rizS{xc,Xt)Ict] , (7) 

where Jy = luY{V*jVisV*jVjs)- In order to eval- 
uate these expressions we need to work to suffi- 
ciently high order in small parameters in V . The 
application of the unitarity relation to the first 
and second rows tells us that Vcd = —\—A^\^{p+ 
irj). We then find Ice = -2A^X'^t], I^t = A^X^r], 
and Itt = 2A^X'^r][A^X'^{l - p)]. The factors 
771 = 1.38, 772 = 0.57, ri3 = OAT are QCD cor- 
rections 1^^, while Xi = mf/M'^. The function 
S{x) was defined in Eq. (^, while 

{1 I 3 _ 3 1 \nv \ 
[i^W^ y-^ 1.(8) 

+ (y ^ - 4(i-.)(i-y) J 

Eq. (|^) may then be rewritten (cf. Q|) as 
|e| = A.i^A^BKfl X 

[mS{xc, xt) - mS{xc) + mA^x\i - p)S{xt)] .(9) 

Using the experimental values [|lO| |e| — (2.28 ± 
0.02) X 10-^ !k = 160 MeV, l^rriK = 3.49 x 
10^1^ GeV, and ttik = 0.4977 GeV, the value 
— 0.75 ± 0.15 [Q, and the top quark mass 
TOt(Mi4/) = 165 ± 6 GeV/c^ appropriate for the 
loop calculation ||^, we find that CP-violating 
K — K mixing leads to the constraint 

7y(l -p-f 0.44) = 0.51 ±0.18 , (10) 

where the term 1 — p corresponds to the loop 
diagram with two top quarks, and the term 
0.44 corresponds to the additional contribution 
of charmed quarks. The major source of error on 
the right-hand side is the uncertainty in the pa- 
rameter A = Vcb/X"^. Eq. (|o|) can be plotted in 
the (p, rf) plane as a band bounded by hyperbolae 
with foci at (1.44,0)^ 

The constraints (|^), (||), and ( [l0| ) define the al- 
lowed region of parameters shown in Fig. 3. The 
boundaries shown are \a errors, but are domi- 
nated by theoretical uncertainties in each case. 
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Figure 3. Region in the (p, 77) plane allowed 
by constraints on |14&/K;b| (dotted semicircles), 
— 5° mixing (dashed semicircles), and CP- 
violating K — K mixing (solid hyperbolae). 



A large region centered about p ~ 0,7] ~ 0.35 is 
permitted. Nonetheless, the CP violation seen in 
kaons could be due to an entirely different source, 
such as a superweak mixing of K'^ and K'^ |40| . In 
that case one could probably still accommodate 
r] = 0, and hence a real CKM matrix, by going 
slightly outside the la bounds based on |T4&/Vcb| 
or B—B mixing. In order to confirm the predicted 
nonzero value of 77, we turn to other experimental 
possibilities. Many of these, such as the search for 
direct CP violation in if ° tttt decays and the 
search for rare kaon decays, are covered elsewhere 
in this Workshop ; here we concentrate on 

B decays. 

4. CKM TESTS WITH B MESON DE- 
CAYS 

A number of experimental facilities can or will 
be able to make incisive tests of the CKM picture 
by studying hadrons containing the b quark. LEP 
has finished productive years of running on the 
Z'^, in which millions of bb pairs were produced. 
SLD has the advantage of electron polarizability 
which partially compensates for a lower luminos- 
ity than LEP. CESR at Cornell continues to set 
luminosity records and is aiming for C > 10^^ 
cm^^ s^^ at the T{AS), a copious source of BB 
pairs. The collider detectors at Fermilab, DO and 



particularly CDF, have shown the utilitiy of B 
studies in 1.8 TeV pp collisions. Under construc- 
tion are experiments at HERA-B, PEP-II, and 
KEK-B, the first to study fixed-target b produc- 
tion by 800 GeV protons and the latter two to 
study asymmetric e+e" collisions at the T{AS). 
In the farther future lie projects at LHC-B and 
possibly Fermilab. 

We have already mentioned the importance of 
j^o — B^ mixing as a validation of the CKM de- 
scription of couplings. In this section we discuss 
some other aspects of B decays crucial to testing 
the CKM picture @. 

Decays to CP eigenstates such as — > J/ipKs 
form the core of the program for discovering CP 
violation in the B system. A key feature of such 
studies is the ability to distinguish an initially 
produced from a B°. Progress has been made 
by the CDF Collaboration in its study of methods 
for "tagging" the fiavor of a produced B p9[ | . 

The strange B mesons Bs = bs and Bg = bs 
are expected to mix with one another with a 
large amplitude, such that Am/F ^ 1. The 
mass eigenstates are expected to be approximate 
eigenstates of CP: CP b\^^ = ±1. We shall dis- 
cuss one method for separating such eigen- 
states on the basis of angular distributions in 
b\^'^ Jj'^^ e+e-K+K-. If Am is large 
for strange B's, so is AF, with the CP-even state 
expected to have a 10 or 20% more rapid decay 
rate than the CP-odd one |51|. 

Some progress in understanding the role of 
"penguin" diagrams, which give rise to induced 
b d and 6 — > s transitions, has been made 
in recent years. We shall discuss penguin am- 
plitudes with particular reference to their role in 
decays of B mesons to pairs of light mesons, such 
as B TTTT, ttK, rjK, etc. From these decays it is 
possible to learn about phases of CKM elements. 

4.1. Decays to CP eigenstates 

By comparing rates of decays to CP eigen- 
states for a state produced as i?° and one pro- 
duced as a one can directly measure an- 
gles in the unitarity triangle of Fig. 2. Because 
of the interference between direct decays (e.g., 
i?" J/ipKs) and those which proceed via mix- 
ing (e.g., B° B^ ^ J/ijjKs), these processes 
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are described by time-dependent functions whose 
difference when integrated over all time is respon- 
sible for the rate asymmetry. Thus, if we define 

_ T{Bt=o ^ /) ~ r(^,^o ^ /) 

^ r(i3i.o-/) + r(Bi.o-/) ' ^ ' 

we have, in the limit of a single direct contribution 
to decay amplitudes, 

A{J/tpKs, TT+n-) = sin(2/?, 2a) , (12) 

where Xd = Am{B°)/T{B^). This limit is ex- 
pected to be very good for J/t/jKs, but some cor- 
rection for penguin contributions (to be discussed 
below) is probably needed for tt+tt^. 

To see this behavior in more detail ||5^ , we note 
that the time-dependent partial rates for a state 
which is initially (S") to decay to a final state 
/ may be written as 

dT[B"{B°) ^ f]/dt - e-"[lTlmAo sin(Ami)] , 

where we have neglected AF/F in comparison 
with Am/F. This step is justified for _B's, though 
not for K^s. The final states to which both B'^ 
and i?° can decay are only a small fraction of 
those to which _B" or _B" normally decay, so one 
should expect similar lifetimes for the two mass 
eigenstates. Integration of this equation gives 

Cf = — ^ImAo(/) (13) 

for the total asymmetry. For the final states men- 
tioned, \o{J/ipKs) = -e-2»/3 and Ao(7r+7r-) = 
e^*". The extra minus sign in the first relation is 
due to the odd CP of the J/ij^Ks final state. 

The asymmetry ( p^ ) is suppressed both when 
Am/F is very small and when it is very large (e.g., 
as is expected for Bg). For i?^, in order to see an 
asymmetry, one must not integrate with respect 
to time. Experiments planned with detection of 
Bg as their focus will require precise vertex de- 
tection to measure mixing as a function of proper 
time. For 5°, on the other hand, the value of 
x/{l + x^) for X = 0.7 is 0.47, very close to its 
maximum possible value of 1/2 for x = \. 

When more than one eigenchannel contributes 
to a decay, terms of the form cos(Amt) as well as 



sin(Amt) can appear These complicate the 
analysis, but information can be obtained from 
them fs^ j on the relative contributions of various 
channels to decays. 

4.2. Neutral B flavor tagging 

In searching for rate asymmetries in decays to 
CP eigenstates of neutral B's one must know 
whether they were i?° or B^ at the time of pro- 
duction, since the final state does not tell us this. 
Several methods are available for "tagging" the 
flavor of the produced B. 

1. In uncorrelated hh production, as occurs in 
hadronic or high-energy e+e^ collisions, one can 
identify the flavor of a neutral meson (e.g., a B^ 
meson containing a h quark) by means of the fla- 
vor of the hadrons produced in association: in 
this case B^, 5+, B^, Af,, etc. The semileptonic 
decays of the quarks in these hadrons will lead to 
a lepton (typically only e or /i are useful) whose 
sign "tags" the flavor of the opposite-side hadron. 
Charged kaons may also have some utility in fla- 
vor tagging, through the chain s Q . 

2. Just above threshold in e^e~ annihilations, 
a B^B*^ pair is produced in a state of odd C, so 
the decay products of the B^ and B^ are highly 
correlated. If the initial B^ decays at time t and 
the initial B^ decays at t, the decay asymmetry 
depends on sin Am(t— t), and hence is odd in t—i. 
When integrated over t and the asymmetry thus 
vanishes! Consequently, one needs to measure the 
time-dependence of the individual decays, or at 
least to be sensitive to the sign of the time differ- 
ence. This requirement has spawned the asym- 
metric "B factories" now under construction at 
SLAC and KEK, where the Lorentz boost of the 
center-of-mass spreads out the decays so they can 
be resolved from one another. At the symmetric 
CESR machine, the necessary spatial resolution 
may be achievable despite the short decay path 
of the neutral i?'s (only 30 /im!) using silicon 
vertex detectors and very flat beams . 

3. A third method for tagging the flavor of neu- 
tral i?'s at the time of production is to use the fact 
that a charged pion of a given sign is most likely 
to be associated with a given flavor of neutral B 
pTj . Thus, when a h quark fragments into a B^ 
containing a d quark, a d quark is available nearby 
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in phase space to be incorporated into a 7r~. As 
a result, one will expect a -B° to be accompanied 
more often by a tt" than by a tt"*". This same cor- 
relation is expected in resonance production: i?*^ 
can resonate with 7r~ to form a non-exotic (qq) 
state 6u, but not with a 7r+. A similar argument 
favors B^TT^ over B^tt^ combinations. 

Several LEP groups have seen the expected 
correlations |5^. The CDF Collaboration has 
now used this correlation to provide an indepen- 
dent measurement of Am in B^ — B^ oscillations 
|49[ . Together with leptonic flavor tagging (the 
method mentioned in paragraph 1 above), this 
method shows promise for identifying the flavor 
of at least several percent of all hadronically pro- 
duced neutral i?'s, thus opening the possibility 
for observing a CP-violating rate asymmetry in 
B° or -> Jl'ijjKs in the next CDF run. 

4.3. Mixing of strange B's 

The mixing between strange i?'s due to box di- 
agrams is considerably enhanced relative to that 
between nonstrange -B's: 



Anid 



Pb^ 



Vtd 



17-52 



(14) 



where we have taken the expected ranges of 
decay constant and CKM element ratios, and 
Atos refers to mixing between the B^ = bs 
and Bs = hs. Alternatively, we may retrace 
the evaluation of Am for nonstrange S's, re- 
placing appropriate quantities in Eq. (||), to de- 
rive an analogous expression for Am^, which we 
then evaluate directly For Vts = 0.040 ± 0.004, 
TUB, = 5.37 GeV/c2, fB,^/^, = 225 MeV, 
r]B, = 0.6±0.1, and |2| tb, = l/F^ = 1.55±0.10 
ps, we find Arus/Ts = 22 ± 6, with an additional 
40% error associated with Bb^- This result 
implies many particle-antiparticle oscillations in 
a decay lifetime, requiring good vertex resolution 
and highly time-dilated i?s's for a measurement. 
The present experimental bound Am^ > 9.2 ps~^ 
based on combining ALEPH and DELPHI results 
|59| begins to restrict the parameter space in an 
interesting manner. 

The large value of Ams entails a value of AF^ 
between mass eigenstates of strange B's which 
may be detectable. After all, the short-lived and 



long-lived neutral kaons differ in lifetime by a fac- 
tor of 600. Strong interactions and the presence 
of key channels (e.g., tttt) are a crucial effect in 
strange particle (e.g., K'^ and K^) decays. While 
the b quark decays as if it is almost free, so that 
strong interactions are much less important, a 
corresponding difference in lifetimes for strange 
B's of the order of 10 - 20% is not unhkely 

In the ratio Ams/AFj, uncertainties associated 
with the meson decay constants cancel, and in 
lowest order (before QCD corrections) one finds 
Am./AF, ~ 0(-[l/7r] [m2/m2]) ~ -200. 
The heavier state is expected to be the longer- 
lived one, as in the neutral kaon system. The 
top quark does not contribute to the width dif- 
ference associated with the imaginary part of the 
box graphs, since no tt pairs are produced in B^ 
decays. 

Aside from small CP-violating effects, the mass 
eigenstates of strange B's correspond to those 
of even and odd CP. The decay of a Bs me- 
son via the quark subprocess b{s) ccs{s) gives 
rise to predominantly CP-even final states [ |62[ , 
so the CP-even eigenstate should have a greater 
decay rate. One calculation pO| gives 



T{Bi+^) 



r(B. 



0.18 



(200 MeV)2 



(15) 



while a more recent estimate is O.lGtQ' Jg. The 
lifetime difference between CP-even and CP-odd 
strange B's thus can provide useful information 
on /b^ , and hence indirectly on the weak interac- 
tions at short distances. 

4.4. Isolating strange B eigenstates 

One way to separate strange- i? CP eigenstates 
from one another ||50|| is to study angular distri- 
butions in Bs J/ip + 4> e^e~ K^K~ (or 

^~ K^K^). The J/ip and (j> are both spin-1 
particles and hence can be produced in states of 
orbital angular momenta L = 0, 1, and 2 from the 
spinless Bg decay. Suitably normalized L = 0, 1, 
and 2 amplitudes S, P, D can be defined such 
that \S\^ + |P|2 + |D|2 = 1. L ^ 1 corresponds 
to P = CP = — , while L = or 2 corresponds to 
P = CP = +. A simple trans versify analysis |63j 
permits one to separate the two cases. 
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In the J /ip rest frame, let the x axis be de- 
fined by the direction of the 0, the x — y plane 
be defined by the kaons which are its decay prod- 
ucts, and the z axis be the normal to that plane. 
Let the e+ (or make an angle 6 with the z 
axis. Then CP-even final states give rise to an 
angular distribution 1 -I- cos^ 9, while the CP-odd 
state gives rise to sin^ 0. When both CP eigen- 
states are present in J/4'4>i will see 

a gradual increase of the sin^ 9 component rela- 
tive to the 1 -I- cos^ 9 component. More likely (if 
predictions |6|] are correct), the CP-even state 
will dominate, so that one will measure mainly 
the lifetime of this eigenstate when following the 
time-dependence of the decay. The average decay 
rate f = (r+ -h r_)/2 (the subscripts denote CP 
eigenvalues) is measured in flavor-tagged decays 
oi Bs =hs^c+... or Bs = bs ^ c + . . .. 

A recent analysis [Q of B ^ J/ ^pK* has bear- 
ing on the Bs J/ipP partial-wave structure. 
The two processes are related by flavor SU(3), 
involving a substitution s <-^- d of the spectator 
quark. Thus, one expects the same partial waves 
in the two decays. The CLEO Collaboration has 
studied 146 B J/ipK* decays in 3.36 x 10^ BB 
pairs produced at the Cornell Electron Storage 
Ring (CESR). The results for this process are 
|Pp = 0.21 ± 0.14 from a fit to the transver- 
sity angle, and \P\^ = 0.16 ± 0.08 ± 0.04 from 
a fit to the full angular distribution. This implies 
[via flavor SU(3)] that Bg J/i/jp is dominated 
by the CP-even final state, and thus the lifetime 
in this state measures approximately T(i?l^^). If 
any evidence for non-zero |Pp can be gathered 
in _B ^ J/4>K*, then Bs J/ip<t) should exhibit 
the time-variation in the transversity-angle dis- 
tribution mentioned above pof . 

4.5. Processes dominated by penguin dia- 
grams 

Although the unitarity of the CKM matrix 
implies flavor conservation for charge-preserving 
electroweak interactions in lowest order, we 
have seen that loop diagrams can induce flavor- 
changing charge-preserving interactions in higher 
order. Another example of this phenomenon is 
provided by the "penguin" diagram |65) illus- 
trated in Fig. 4. Although the penguin's "leg" 



W 




Figure 4. "Penguin" diagram describing transi- 
tion of a quark x to another quark y with the same 
charge. The intermediate quarks have charge dif- 
fering from Q{x) = Q{y) by one unit. Here 
q = (u,d,s). 



is a gluon in this illustration, it can also be a 
photon or Z. When the external quarks x and y 
have charge —1/3, the intermediate quarks have 
charge 2/3 and can include the top quark. Be- 
cause of the top quark's large mass, such penguin 
diagrams can be very important. 

An example of a predicted penguin effect in 
s d transitions is a phase arising in the de- 
cays of neutral kaons to tttt. This phase can lead 
to a "direct" contribution to the ratios for CP- 
violating and CP-conserving decays, in addition 
to that provided by the mixing parameter e mea- 
sured earlier. 

One may deflne (see |4^] for details) 

_A{KL^TT+n-) _ A{Kl TT°7r°) 
" A{Ks^TT+TT-y " A{Ks vrOvrO) ' 

the effect of "direct" decays then shows up in a 

parameter e' which causes rj^ and 7700 to differ 

from one another: 

77+_=e + e' ; t^qo = e " 2e' . (16) 

Since e' and e are expected to have approximately 
the same phase (see, e.g., Q), one expects 
I77+-I 0^ |e|[l + Re(e7e)], byool |e| [1 - 2Re(e7e], 
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and hence 

T{Kl ^ 27r°) ^ T{KL^7r+7r-) _ 

r(Xs ^ 27r")/r(/fs ^ TT+vr-) "3 «-e ^ . 

Present expectations |^ , |66| are that e'/e could be 
a few parts in 10'* (but in any case e'/e < 10~'^), 
requiring the above ratio of ratios to be measured 
to about one part in 10'^. Experiments now in 
progress at Fermilab and CERN should have the 
required sensitivity. The previous results of these 
experiments are: 

E731 [67] : Re(e7e) = (7.4 ± 6.0) x 10"^ , (17) 

NA31 [68] : Re(e7e) = (23.0 ± 6.5) x 10"^ . (18) 

Because of the cancelling effects of gluonic and 
"electroweak" penguins (in which the curly line 
in Fig. 4 is a photon or Z), the actual magni- 
tude of e'/e is difficult to estimate, so that one's 
best hope is for a non-zero value within the rather 
large theoretical range, thereby disproving the su- 
perweak model of CP violation. 

The contribution of the (gluonic) penguin dia- 
gram to the effective weak Hamiltonian may be 
written (for x,y equal to quarks of charge —1/3) 



/T/pcnguin 



Gf as 
72 6^ 



-it In- 



[(yL7^A'^XL)(u7^A% + d^^rd +...)+ H.c] , 

where = VixV*y, and A° are color SU(3) matri- 
ces [a — {1, ... , 8)] normahzcd so that Tr(A°A'') = 
2(5°''. The top quark is dominant in the flavor- 
changing processes 6 — *■ d and b s (with cor- 
rections due to charm which can be important in 
some cases |6^), while the charmed quark dom- 
inates the s ^ d process. (The top quark plays 
a key role, however, in the electroweak penguin 
contribution to this process []66|| .) One may imi- 
tate the effect of an infrared cutoff for the gluonic 
penguin graph by using a constituent-quark mass 
niu ~ 0.3 GeV/c2. 

One can estimate the effect of the b 
sqq penguin graph; one finds it is comparable 
to that of the b udu "tree" contribution 

(GF/V2)K6Kd[w7M(l-75)&][dV(l-75)u]. The 
b — )■ dqq penguin contribution and the b —>■ 



usu tree contribution are both expected to be 
suppressed by approximately one power of the 
Wolfenstein parameter A ~ 0.2, as one can see 
by comparing CKM elements. 

4.6. Decays of B mesons to pairs of light 
mesons 

One testing ground for the magnitude of pen- 
guin contributions occurs in the decays of B 
mesons to pairs of light mesons. Thus, B'^ 
TT+TT^ is expected to be dominated by the tree 
amplitude, B° K'^tt~ is expected to be domi- 
nated by the penguin amplitude, and the rates of 
the two processes should be similar. 

In Fig. 5 we show a contour plot of the signif- 
icance of detection by the CLEO Collaboration 
0] of the decays B° tt+tt- and 5° ^ K+tt-. 
Evidence exists for a combination of B'^ — > K^tt^ 
and 7r''"7r~ decays, generically known as B'^ —> 
/i+TT^. The most recent published result [Q is 



5(5° ^ h+n-) = (1.8 



-1-0.6 -1-0.2 
-0.5 -0.3 



±0.2) xlO-^ Al- 



though one still cannot conclude that either decay 
mode is nonzero at the 3fT level, the most likely 
solution is roughly equal branching ratios (i.e., 
about 10~^) for each mode. Only upper limits 
exist for other modes of two pseudoscalars [Q, 
but these are consistent with predictions [Q. 

Penguin diagrams play a number of roles in B 
decays [Q . We enumerate several of them. 

1. The process B'^ K^tt'^ is expected to 
be almost completely due to the penguin graph. 
By comparison with B'^ K^n^, where the 
penguin graph is expected to be the main con- 
tribution, one expects B{B^ K^tt~^) ~ 10~^. 
The weak phase of the process (which changes 
sign under charge-conjugation) thus is expected 
to be Arg(VJ^ Vts) = tt, so that the charge- 
conjugate process has the same weak phase. 
As a result, one can separate strong final-state 
interaction phases from weak phases and ob- 
tain estimates of quantities like the angle 7 = 
Arg{V*ij) in Fig. 2 by comparing rates for B~^ 
(A'°7r+, AT+tt", K+tj, K+r]') with the corre- 
sponding B^ rates [Q. One can also obtain this 
information by measuring the time-dependence in 
B'^{B°) TT+TT- and the rates for B° K+tt-, 
i?+ A'^TT+j and the charge-conjugate processes 
p^. The weak phases of the major amplitudes 
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Figure 5. Significance of detection of i3° ^ tt+tt 
and B° K+n- by the CLEO Collaboration. 
The solid curves are the na contours and the dot- 
ted curve is the 1.280- contour. 



Table 3 

Phases of amplitudes contributing to decays of B 
mesons to tttt and Ktt. Here AS* refers to the 
change of strangeness in the process. 





"Tree" 


"Pen^ 


;uin" 


|A^| 


CKM Phase 


CKM 


Phase 




elements 


elements 













1 









contributing to these decays are summarized in 
Table 3. The relative weak phase of tree and pen- 
guin amplitudes for strangeness-preserving de- 
cays ]s ^ -\- (3 — TT — a (assuming the unitarity 
triangle to be valid), while the corresponding rela- 
tive phase for strangeness-changing decays (aside 
from a sign) is just 7. As a result, one can mea- 
sure both a and 7. 

2. A number of processes (in addition to the 
decay i?"*" K^'k'^ mentioned above) are dom- 
inated by penguin graphs. By comparing the 
rates for strangeness-preserving and strangeness- 
changing processes, one can measure the ratio 



|Vtd/Vts| It^]. Examples of useful ratios are 
b\b+ K*°K+)/B{B+ (t>K+) and B{B+ 
K*°K*+)/B{B+ (j)K*+). 

3. We mentioned that the time-integrated rate 
asymmetry in i? ^ tt+tt^ could provide informa- 
tion on the angle a of the unitarity triangle. The 
most direct test is based on the assumption that 
the tree process b — > uud is the only direct con- 
tribution to this decay. However, "penguin pollu- 
tion" (due to the b ^ d transition) makes the 
analysis less straightforward, even thought the 
penguin amplitude is expected to be only about 
0.2 of the tree amplitude. Ways to circumvent 
this difficulty include the detailed study of the 
isospin structure of the tttt final state | ^3[ , and 
the use of flavor SU(3) to estimate penguin ef- 
fects using B — > Kn, where they are expected to 
be dominant ||7|,|7|,0. 

4.7. One determination of a and 7 

As an example of a way in which rate and time- 
dependence measurements can shed light on both 
strong and weak phases, one can mention the re- 
sults of 1^ (noted above) in more detail. 

(1) The decays or B'^ tt+tt" are gov- 
erned by strangeness-preserving tree and penguin 
amplitudes with magnitudes |r| and |P|, relative 
weak phase a, and relative strong phase S. By 
performing time-dependent studies one can mea- 
sure three quantities: the magnitude IAttttP of the 
direct tt+tt" amplitude A^^t^, the magni- 
tude IAttttP of the direct B''^ tt+tt^ amplitude 
^TTTT, and an interference term lm{e'^'^^ At^t^AI.^) . 

(2) The decays B" K+ir- and B° K-tt+ 
are governed by strangeness-changing tree and 
penguin amplitudes with magnitudes \T'\ and 
|P'|, relative weak phase 7, and relative strong 
phase 5 [assuming flavor SU(3)]. One relates \T'\ 
to |T| using flavor SU(3) but makes no such as- 
sumption about \P'\. Two rate measurements are 
possible. 

(3) The decays B^ Kstt^ are dominated by 
the penguin diagram and thus should have the 
same rate. They provide information on \P'\. 

One thus has 6 measurements with which to 
determine the 6 parameters |r|, \P\, a, 5, \P'\, 
and 7. In general one can learn all 6, with some 
interesting discrete ambiguities. Degeneracies re- 
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suit in some cases, e.g., if r(i3" — > K^n^) — 
T{B'^ — > K^TT^). In that case one expects also 
I Atttt P = I ^TTTT I ^ and one has to assume something 
else, such as an SU(3) relation between \P\ and 
|P'|, a constraint 7 ~ tt — 1.2q! satisfied approx- 
imately by the allowed region in Fig. 3, or both. 
Interesting measurements can begin to be made 
with about 100 tt+tt" decays but the full power of 
the method requires about 100 times more data 
than that. 

5. Amplitude triangles and quadrangles 

A number of constructions of amplitude trian- 
gles and quadrangles allow one to determine both 
strong and weak phases. Measurements based on 
the rates for B± K^tt°, Kstt^, K^r], and 
K^rj' [7^ are one example; earlier literature may 
be traced from this work. Other discussions of 
amplitude triangles and quadrangles and of de- 
cays involving rj and rj' are available jTSf . 

6. REMARKS ON BARYOGENESIS 

The following discussion is an update of one 
given a couple of years earlier . Shortly after 
CP violation was discovered, Sakharov pro- 
posed that it was one of three ingredients of any 
theory which sought to explain the preponder- 
ance of baryons over antibaryons in our Universe: 
(1) violation of C and CP; (2) violation of baryon 
number, and (3) a period in which the Universe 
was out of thermal equilibrium. 

It was pointed out by 't Hooft Q that the elec- 
troweak theory contains an anomaly as a result of 
nonperturbative effects which conserve B ^ L but 
violate B + L. If a theory leads to B — L — but 
B + L ^ a,t some primordial temperature T, the 
anomaly can wipe out any B + L as T sinks below 
the electroweak scale js^. Thus, many models of 
baryogenesis are unsuitable in practice. 

Shaposhnikov and Farrar have proposed 
that the CP violation in the CKM sector can be 
communicated to a baryon asymmetry directly at 
the electroweak scale. A recent analysis of the 
electroweak phase transition now excludes 
this possibility. One proposed alternative is the 
generation of nonzero i? — L at a high temper- 



ature, e.g., through the generation of nonzero 
lepton number L, which is then reprocessed into 
nonzero baryon number by the 't Hooft anomaly 
mechanism ||85| . The existence of a baryon asym- 
metry, when combined with information on neu- 
trinos, could provide a window to a new scale of 
particle physics. Large Majorana masses acquired 
by right-handed neutrinos would change lepton 
number by two units and thus would be ideal 
for generating a lepton asymmetry if Sakharov's 
other two conditions are met. 

One question in this scenario, besides the form 
of CP violation at the lepton-number-violating 
scale, is how this CP violation gets communicated 
to the lower mass scale at which we see CKM 
phases. In two recent models [p6 87 this occurs 



through higher-dimension operators which imi- 
tate the effect of Higgs boson couplings to quarks 
and leptons. 

7. BEYOND THE STANDARD MODEL 

Many models manifest their non-standard ef- 
fects first in particle-antiparticle mixing [^8|-p0|. 
A number of tests for these effect make use of de- 
cays of B mesons. For example, if B° and Bg mix- 
ing amplitudes are rotated by respective phases 
9d and 6s from their standard- model values, the 
rate asymmetries in B'-* J/ipKs and Bg 
J/i/jcj) will probe, respectively, — sin(2/3 — 6d) and 
sin(2(5 -I- 6*5), where S = A^ry. Systematic prescrip- 
tions for identifying the effects of the new physics 
using a series of measurements are available 

Neutron and electron electric dipole moments 
are sensitive to effects of 2-Higgs models and su- 
persymmetry. Limits on the neutron moment al- 
ready provide useful constraints, while limits on 
the electron moment are close. For an overview 
of the field see 

A lively discussion of what kaon physics can tell 
us about violation of CPT (indeed, of quantum 
mechanics itself) is in progress Q. It is proba- 
bly time to improve the old test of CPT based on 
comparing 2 Re e (as measured in the rate asym- 
metry for Kl TT^P^v) with what one calculates 
from the measured values of e and Arg e. 

The simplest SU(5) model for unifying the 
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Figure 6. Part of a familiar pattern. 



Figure 7. Part of a familiar pattern, expressed 
differently. 



strong and electroweak interactions predicts too 
small an electroweak mixing angle and too short 
a proton lifetime. Proposed remedies include su- 
persymmetry and extended gauge structures such 
as SO(IO) and Eg. Thus, for example, if we were 
to encounter new fermions in particle searches at 
the highest hadron and e+e^ collider energies, 
we would then like to know whether they are su- 
perpartners of gauge bosons, exotic leptons, or 
something else. 

Finally, I should mention a topic which, in the 
words of one referee, is "not new, though not pop- 
ular" : the compositeness of quarks and leptons. 
The pattern of Fig. 1 certainly looks like a level 
structure of a composite system; one success of 
such a description would be its ability to predict 
not only masses but magnitudes and phases of 
CKM matrix elements. Exploratory steps in this 
direction have been taken . 

8. CONCLUSIONS 

I leave you with the following exercise in pat- 
tern recognition: What familiar pattern do you 
see in Fig. 6? One can re-express the pattern as 
shown in Fig. 7; perhaps it suggests something at 
this point. Finally, when one adds variety to the 
pattern, it becomes recognizable as the periodic 
table of the elements (Fig. 8). 

The variety of the pattern of the elementary 
particles laid the foundations of the quark model 
and our understanding of the fundamental strong 
interactions. Will there be a similar advance for 
quarks and leptons? The pattern of quarks and 
leptons has been quite regular up to now, as if the 
periodic table of the elements consisted only of 
rows of equal length and were missing hydrogen, 



Figure 8. A larger part of a familiar pattern. 



helium, the transition metals, the lanthanides, 
and the actinides. Whether one discovers super- 
partners of the known states, or variety such as 
predicted in extended gauge structures, the new 
states could help us to make sense of the pattern 
of the masses of the more familiar ones. 

9. ACKNOWLEDGMENTS 

I would like to thank Jim Amundson, Isi Duni- 
etz, Michael Gronau, Oscar Hernandez, Nahmin 
Horowitz, Mike Kelly, Harry Lipkin, David Lon- 
don, Alex Nippe, and Sheldon Stone for enjoyable 
collaborations on some of the topics mentioned 
here. In addition I am grateful to Matthias Neu- 
bert, Chris Sachrajda, Bob Sachs, Bruce Win- 
stein, and Lincoln Wolfenstein for fruitful discus- 
sions, and to the CERN Theory Group for its 
hospitality during part of this work. Parts of the 
research described here were performed at the 
Aspen Center for Physics, the Fermilab Theory 
Group, and the Technion. This work was sup- 
ported in part by the United States Department 
of Energy under Grant No. DE FG02 90ER40560. 



13 



REFERENCES 



1 



J. H. Christenson, J. W. Cronin, V. L. Fitch, 
and R. Turlay, Phys. Rev. Lett., 13 (1964) 
138. 

2. N. Cabibbo, Phys. Rev. Lett., 10 (1963) 531. 

3. M. Kobayashi and T. Maskawa, Prog. Theor. 
Phys., 49 (1973) 652. 

4. P. Tipton, Plenary talk, XXVIII Interna- 
tional Conference on High Energy Physics, 
Warsaw, July 25-31, 1996. 

5. A. Ah and D. London, DESY report DESY 
96-140 ]hep-ph/960739^ , presented at High 
Energy Physics International Euroconference 
on QCD (QCD 96), Montpelher, France, July 
4 - 12, 1996. 

6. M. Neubert, this Workshop; CER N report 
CERN-TH/96-55 [|hep-ph/9604412| , to be 
published in Int. J. Mod. Phys. A; lectures 
given at Cargese Summer Institute on Parti- 
cle Physics, Masses of Fundamental Particles, 
August, 1996, Proceedings to be pubhshed by 
Plenum. 

7. J. L. Rosner, Enrico Fermi Institute Re- 
port No. 96-245, |hcp-ph/9610222| , lectures 
given at Cargese Summer Institute on Parti- 
cle Physics, Masses of Fundamental Particles, 
August, 1996, Proceedings to be pubhshed by 
Plenum. 

8. L. Wolfenstein, Phys. Rev. Lett., 51 (1983) 
1945. 

9. See, e.g., M. Bourquin et al, Zeit. Phys., C 
21 (1983) 27; H. Leutwylcr and M. Roos, 
Zeit. Phys., C 25 (1984) 91; J. F. Donoghue, 
B. R. Holstein, and S. W. Klimt, Phys. Rev., 
D 35 (1987) 934. 

10. Particle Data Gp., Phys. Rev., D 54 (1996) 1. 

11. M. Cell-Mann and M. Levy, Nuovo Cim., 19 
(1960) 705. 

12. Y. Hara, Phys. Rev., 134 (1964) B701; Z. 
Maki and Y. Ohnuki, Prog. Theor. Phys., 32 
(1964) 144; B. J. Bjorken and S. L. Glashow, 
Phys. Lett., 11 (1964) 255; S. L. Glashow, J. 
Iliopoulos, and L. Maiani, Phys. Rev., D 2 
(1970) 1285. 

13. L. Gibbons, Plenary talk, XXVIII Interna- 
tional Conference on High Energy Physics, 
Warsaw, July 25-31, 1996. 



14. A. Ah, this Workshop. 

15. C. S. Kim, this Workshop. 

16. Y. Nir and H. Quinn, Ann. Rev. Nucl. Part. 
ScL, 42 (1992) 211. 

17. T. Inami and C. S. Lim, Prog. Theor. Phys., 
65 (1981) 297; ibid., 65 (1981) 1772(E). 

18. A. Abada et at, Nucl. Phys., B376 (1992) 172. 

19. A. Buras, M. Jamin, and P. H. Weisz, 
Nucl. Phys., B347 (1990) 491. 

20. ARGUS Collaboration, H. Albrecht et ai, 
Phys. Lett., B 192 (1987) 245. 

21. ALEPH Collaboration, D. Buskuhc et ai, 
Phys. Lett., B 313 (1993) 498; DELPHI Col- 
laboration, P. Abreu et ai, Phys. Lett., B 338 
(1994) 409; OPAL CoUaboration, R. Akers et 
al, Phys. Lett., B 327 (1994) 411; ibid., 336 
(1994) 585. For a compilation of many LEP 
results presented in 1996 see p^ ]. 

22. CDF Collaboration, F. Abe et ai, report 
PA08-032, presented by P. Sphicas at XXVIII 
International Conference on High Energy 
Physics, Warsaw, July 25-31, 1996. 

23. SLD Collaboration, reports PA08-026A, 
PA08-026B, and PA08-027/028, presented by 
D. Su at XXVIII International Conference on 
High Energy Physics, Warsaw, July 25-31, 
1996. 

24. T. Browder and K. Honscheid, Prog. Nucl. 
Part. Phys. 35 (1995) 81. 

25. C. Zeitnitz, invited talk at the 4th Inter- 
national Workshop on i?-Physics at Hadron 
Machines (BEAUTY 96), Rome, June 17-21, 
1996, proceedings to be published in Nucl. In- 
str. Meth. The average presented in [|l^ is 
Amd = 0.464 ± 0.017 ps'^ 

26. CERN WA75 CoUaboration, S. Aoki et ai. 
Prog. Theor. Phys., 89 (1993) 131 

27. CLEG Collaboration, D. Acosta et ai, 
Phys. Rev., D 49 (1994) 5690; F. Muheim 
and S. Stone, Phys. Rev., D 49 (1994) 3767; 
F. Muheim, parallel session on B physics, in 
The Albuquerque Meeting: DPF 94 (Divi- 
sion of Particles and Fields Meeting, Amer- 
ican Physical Society, Albuquerque, NM, Au- 
gust 2-6, 1994), ed. by S. Seidel (World Sci- 
entific, River Edge, NJ, 1995); M. Artuso et 
al, Phys. Lett., B 378 (1996) 364. 

28. BES Collaboration, J. Z. Bai et ai, 



14 



Phys. Rev. Lett., 74 (1995) 4599. 

29. Fermilab E653 Collaboration, K. Kodama et 
ai, Phys. Lett., B 382 (1996) 299. 

30. L3 Collaboration, T. Anticic, A. Kunin, and 
P. Pakhlov, L3 Note 1988, September 1996. 

31. J. Z. Bai et al. (BEPC Collaboration), SLAC 
report SLAC-PUB-7147, 1996. 

32. Mark III Collaboration, J. Adler et ai, 
Phys. Rev. Lett., 60 (1988) 1375; ibid., 63 
(1989) 1658(E). 

33. See, e.g., A. Duncan et ai, Phys. Rev., D 51 
(1995) 5101; UKQCD Collaboration, C. R. 
Allton et al., Nucl. Phys., B437 (1995) 641; 
MILC Collaboration, C. Bernard et al., re- 



port WASH-U-HEP-96-31, June, 1996 |hep- 



lat/9608092| , presented at Lattice 96: 14th 
International Symposium on Lattice Field 
Theory, St. Louis, MO, 4-8 June 1996; G. 
Martinelli, Plenary talk, XXVIII Interna- 
tional Conference on High Energy Physics, 
Warsaw, July 25-31, 1996. 

34. J. Amundson et al, Phys. Rev., D 47 (1993) 
3059; J. L. Rosner, The Fermilab Meeting 
- DPF 92 (Division of Particles and Fields 
Meeting, American Physical Society, Fermi- 
lab, 10-14 November, 1992), ed. by C. H. 
Albright et al. (World Scientific, Singapore, 
1993), p. 658. 

35. J. L. Rosner, Enrico Fermi Institute Report 
No. 95-36 [hcp-ph/9506364], lectures given at 
the VIII J. A. Swieca Summer School, Par- 
ticles and Fields, Rio de Janeiro, February, 
1995, proceedings to be published by World 
Scientific. 

36. B. Grinstein, Phys. Rev. Lett., 71 (1993) 
3067. 

37. M. Gell-Mann and A. Pais, Phys. Rev., 97 
(1955) 1387. 

38. T. D. Lee, R. Oehme and C. N. Yang, 
Phys. Rev., 106 (1957) 340; B. L. loffe, L. B. 
Okun' and A. P. Rudik, Zh. Eksp. Teor. Fiz., 
32 (1957) 396 [Sov. Phys. - JETP, 5 (1957) 
328]. 

39. K. Lande, E. T. Booth, J. Impeduglia, and L. 
M. Lederman, Phys. Rev., 103 (1956) 1901. 

40. L. Wolfenstein, Phys. Rev. Lett., 13 (1964) 
562. 

41. T. P. Cheng and L. F. Li, Gauge Theory of El- 



ementary Particles (Oxford University Press, 
1984). 

42. J. L. Rosner, in Testing the Standard Model 
(Proceedings of the 1990 Theoretical Ad- 
vanced Study Institute in Elementary Particle 
Physics), edited by M. Cvetic and P. Lan- 
gacker (World Scientific, Singapore, 1991), 
p. 91. 

43. A. J. Buras, M. Jamin, and P. H. Weisz, 
Nucl. Phys., B347 (1990) 491; S. Herrlich 
and U. Nierste, Nucl. Phys., B419 (1994) 292; 
Phys. Rev., D 52 (1995) 6505. 

44. C. Hamzaoui, J. L. Rosner, and A. I. Sanda, 
in Proceedings of the Workshop on High Sen- 
sitivity Beauty Physics at Fermilab, Fermi- 
lab, Nov. 11-14, 1987, edited by A. J. Slaugh- 
ter, N. Lockyer, and M. Schmidt (Fermilab, 
Batavia, IL, 1988), p. 97; J. L. Rosner, A. I. 
Sanda, and M. P. Schmidt, ibid., p. 165. 

45. See, e.g., the following sources quoted by 
§: S. Sharpe, Nucl. Phys. B (Proc. SuppL), 
34 (1994) 403; J. Bijnens and J. Prades, 
Nucl. Phys., B444 (1995) 523; A. Soni, 
Brookhaven National Laboratory report 
BNL-62284 1hep-lat/9510036[ ; JLQCD Col- 
laboration, S. Aoki et ai, Nucl. Phys. B 
(Proc. SuppL), 47 (1996) 465; APE Collabo- 
ration, M. CrisafuUi et ai, Phys. Lett., B 369 
(1996) 325. Our quoted error reflect a some- 
what more generous spread in values obtained 
by different means. 

46. M. Ciuchini, this Workshop. 

47. G. Buchalla, this Workshop. 

48. For discussions with references to earlier lit- 
erature see, e.g., I. I. Bigi and A. I. Sanda, 
Nucl. Phys., B281 (1987) 41; I. Dunietz, 
Ann. Phys. (N.Y.), 184 (1988) 350; I. I. Bigi, 
V. A. Khoze, N. G. Uraltsev, and A. I. Sanda, 
in CP Violation, edited by C. Jarlskog (World 
Scientific, Singapore, 1989), p. 175; J. L. Ros- 
ner H; Y. Nir and H. R. Quinn |l|]; B. Win- 
stein and L. Wolfenstein, Rev. Mod. Phys., 65 
(1993) 1113. 

49. CDF Collaboration, F. Abe et ai, Fer- 
milab report FERMILAB-CONF-96/175-E, 
ICHEP96/PA08-023, XXVIII International 
Conference on High Energy Physics, Warsaw, 
July 25-31, 1996; M. Schmidt, this Workshop. 



15 



50. A. S. Dighe, I. Dunietz, H. J. Lipkin, and 
J. L. Rosner, Phys. Lett., B 369 (1996) 
144. See also R. Fleischer and I. Duni- 
etz, Univ. of K arlsruhe report TTP 96-07 
| hep-ph/9605220(| (unpublished); A. Dighe, I. 
Dunietz, and R. Fleischer, in preparation. 

51. M. Beneke, G. Buchalla, and I. Dunietz, 
Phys. Rev., D 54 (1996) 4419; M. Beneke, 
SLAG report SLAG-PUB-96-7258, presented 
at XXVIII International Gonference on High 
Energy Physics, Warsaw, July 25-31, 1996. 

52. I. Dunietz and J. L. Rosner, Phys. Rev., D 34 
(1986) 1404; I. Dunietz, Ref. ||. 

53. D. London and R. Peccei, Phys. Lett., B 223 
(1989) 257; M. Gronau, Phys. Rev. Lett., 63 
(1989) 1451; B. Grinstein, Phys. Lett., B 229 
(1989) 280; M. Gronau, Phys. Lett., B 300 
(1993) 163. 

54. M. Gronau and D. London, Phys. Rev. Lett., 
65 (1990) 3381. 

55. G. Bellini, I. I. Bigi, and P. J. Dornan, 
Univ. of Milan preprint, November, 1996, to 
be published in Physics Reports, and refer- 
ences therein. 

56. K. Berkelman, Mod. Phys. Lett., A 10 (1995) 
165. 

57. M. Gronau, A. Nippe, and J. L. Ros- 
ner, Phys. Rev., D 47 (1992) 1988; 
Phys. Rev. Lett., 72 (1994) 195; Phys. Rev., 
D 49 (1994) 254; J. L. Rosner, in AIP Gon- 
ference Proceedings 357: 10th Topical Work- 
shop on Proton-Antiproton GoUider Physics, 
Fermilab, May 1995, ed. by R. Raja and J. 
Yoh (AIP, New York, 1996), p. 165. 

58. ALEPH GoUaboration, D. Buskuhc et ai, 
Zeit. Phys., G 69 (1996) 393; DELPHI Gol- 
laboration, P. Abreu et ai, Phys. Lett., B 
345 (1995) 598; G. J. Kreuter, Ph. D. The- 
sis, Univ. of Karlsruhe report IEKP-KA-96- 
02, January 1996; OPAL GoUaboration, R. 
Akers et ai, Zeit. Phys., G 66 (1995) 19. 

59. ALEPH and DELPHI GoUaborations, pre- 
sented at XXVIII International Gonference 
on High Energy Physics, Warsaw, July 25- 
31, 1996; L. Gibbons, Ref. 

60. 1. 1. Bigi et al, in B Decays, edited by S. Stone 
(World Scientific, Singapore, 1994), p. 132. 

61. I. Dunietz, Phys. Rev., D 52 (1995) 3048; T. 



E. Browder and S. Pakvasa, Phys. Rev., D 52 
(1995) 3123. 

62. R. Aleksan, A. Le Yaouanc, L. Oliver, O. 
Pene, and J. G. Raynal, Phys. Lett., B 316 
(1993) 567. 

63. H. J. Lipkin, in Proceedings of the SLAC 
Workshop on Physics and Detector Issues for 
a High- Luminosity Asymmetric B Factory^ 
edited by David Hitlin, pubhshed as SLAG, 
LBL and Galtech reports SLAG-373, LBL- 
30097 and GALT-68-1697, 1990, p. 49; I. 
Dunietz et al, Phys. Rev., D 43 (1991) 2193; 
I. Dunietz, Appendix in B Decays, edited by 
S. Stone (World Scientific, Singapore, 1994), 
p. 550. 

64. GLEO GoUaboration, GLEO-GONF-96-22, 
report PA05-074, presented by R. Kutschke 
at XXVIII International Gonference on High 
Energy Physics, Warsaw, July 25-31, 1996. 

65. J. EUis, M. K. GaiUard, and D. V. Nanopou- 
los, Nucl. Phys., BlOO (1975) 313; ihid., B109 
(1976) 213; A. I. Vamshtem, V. I. Zakharov, 
and M. A. Shifman, Pis'ma Zh. Eksp. Teor. 
Fiz., 22 (1975) 123 [JETP Lett., 22 (1975) 
55]; Zh. Eksp. Teor. Fiz., 72 (1977) 1275 
[Sov. Phys. - JETP, 45 (1977) 670]; J. El- 
lis, M. K. GaiUard, D. V. Nanopoulos, and S. 
Rudaz, Nucl. Phys., B131 (1977) 285; ihid., 
B132 (1978) 541(E). 

66. S. Bertolini, talk given at Workshop on K 
Physics, Orsay, France, 30 May - 4 June 
1996 INFN (Trieste ) report SISSA-1 10-96- 
EP |hep-ph/96073T^ ]; A. J. Buras, Plenary 
talk, XXVIII International Gonference on 
High Energy Physics, Warsaw, July 25-31, 
1996, and references therein. 

67. Fermilab E731 GoUaboration, L. K. Gibbons 
et al, Phys. Rev. Lett., 70 (1993) 1203. 

68. GERN NA31 GoUaboration, G. D. Barr et al, 
Phys. Lett., B 317 (1993) 233. 

69. A. J. Buras and R. Fleischer, Phys. Lett., B 
341 (1995) 379. 

70. GLEO GoUaboration, M. Battle et al, 
Phys. Rev. Lett., 71 (1993) 3922. 

71. GLEO GoUaboration, D. M. Asner et al, 
Phys. Rev., D 53 (1996) 1039. 

72. GLEO GoUaboration, P. Gaidarev et al, BuU. 
Am. Phys. Soc, 40 (1995) 923. 



16 



73. M. Gronau, J. L. Rosner, and D. London, 
Phys. Rev. Lett., 73 (1994) 21; O. F. Hernan- 
dez, D. London, M. Gronau, and J. L. Rosner, 
Phys. Lett., B 333 (1994) 500; M. Gronau, O. 

F. Hernandez, D. London, and J. L. Rosner, 
Phys. Rev., D 50 (1994) 4529. 

74. M. Gronau and J. L. Rosner, Phys. Rev., D 
53 (1996) 2516. 

75. M. Gronau and J. L. Rosner, Phys. Rev. 
Lett., 76 (1996) 1200; A. S. Dighe, M. 
Gronau, and J. L. Rosner, Phys. Rev., D 54 
(1996) 3309; A. S. Dighe and J. L. Rosner, 
Phys. Rev., D 54 (1996) 4677. 

76. M. Gronau and J. L. Rosner, Phys. Lett., B 
376 (1996) 205. 

77. J. Silva and L. Wolfenstein, Phys. Rev., D 49 
(1994) R1151; G. Kramer and W. F. Palmer, 
Phys. Rev., D 52 (1995) 6411; F. DeJongh 
and P. Sphicas, Phys. Rev., D 53 (1996) 4930; 
R. Fleischer and T. Mannel, Univ. of Karl- 
sruhe report, 1996, unpublished; R. Beneke, 

G. Buchalla, and L Dunietz, 1996, unpub- 
lished. 

78. N. G. Deshpande and X.-G. He, 
Phys. Rev. Lett., 74 (1995) 26, 4099(E); ibid., 
75 (1995) 1703, 3064; ibid., 76 (1996) 360; M. 
Gronau, O. F. Hernandez, D. London, and 
J. L. Rosner, Phys. Rev., D 52 (1995) 6411; 
A. Dighe, Phys. Rev. D (1996); A. S. Dighe, 
M. Gronau, and J. L. Rosner, Phys. Lett., B 
367 (1996) 357; ibid., 377 (325(E)) 1996, and 
references therein. 

79. J. L. Rosner, The Albuquerque Meeting: 
DPF 94 (Division of Particles and Fields 
Meeting, American Physical Society, Albu- 
querque, NM, August 2-6, 1994), ed. by 
S. Seidel (World Scientific, River Edge, NJ, 
1995), p. 321. 

80. A. D. Sakharov, Pis'ma Zh. Eksp. Teor. Fiz., 
5 (1967) 32 [JETP Lett., 5 (1967) 24]. 

81. G. 't Hooft, Phys. Rev. Lett., 37 (1976) 8. 

82. V. A. Kuzmin, V. A. Rubakov, and M. E. 
Shaposhnikov, Phys. Lett., B 155 (1985) 36; 
ibid., 191 (1987) 171. 

83. M. Shaposhnikov and G. R. Farrar, Phys. 
Rev. Lett., 70 (1993) 2833; ibid., 71 (1993) 
210(E); Phys. Rev., D 50 (1994) 774. 

84. W. BuchmiiUer, DESY report DESY 96-216, 



October, 1996, to be pubHshed in Quarks '96, 
proceedings of the IXth International Semi- 
nar, Yaroslavl, Russia, 1996. 

85. M. Fukugita and T. Yanagida, Phys. Lett., B 
174 (1986) 45; P. Langacker, R. Peccei, and 
T. Yanagida, Mod. Phys. Lett., A 1 (1986) 
541. 

86. M. Worah, Phys. Rev., D 53 (1996) 3902. 

87. M. Plumacher, D ESY report DESY 96-052 
[lhep-ph/9604229|; W. BuchmiiUer and M. 



Plumacher, DESY report DESY 96-158 | |hcp- 
ph/960830S|] 



M. Gronau and D. London, Technion report 
Technion-PH-96-37 [ |hcp-ph/9608430( |, to be 
submitted to Physics Reports. 
89. J. P. Silva and L. Wolfenstein, Univ. of Lisbon 



report CFNUL-96-09 [ |hcp-ph/9610208 |. 

90. A. G. Cohen, D. B. Kaplan, F. Lepeintre, 
and A. E. Nelson, University of Washing- 
ton report UW/PT-95/22, |hcp-ph/9610252| 
v2, submitted to Phys. Rev. Letters. 

91. Symposium on Fundamental Symmetry Tests 
in Atoms, Institute of Nuclear Theory, Uni- 
versity of Washington, Seattle, July 17 - 19, 
1995, proceedings ed. by N. Fortson, W. J. 
Marciano, and M. J. Musolf. 

92. J. Ellis, J. L. Lopez, N. E. Mavromatos, 
and D. V. Nanopoulos, Phys. Rev., D 53 
(1996) 3846; R. Adler et al, Phys. Lett., B 
364 (1995) 239; P. Huet and M. E. Peskin, 
Nucl. Phys., B434 (1995) 3; S. Y. Tsai, Ni- 
hon Univ. report NUP-A-96-5, presented at 
Workshop on K Physics, Orsay, France, 30 
May - 4 June 1996. 

93. H. Georgi and S. L. Glashow, Phys. Rev. Lett. 
32 (1974) 438. 

94. J. L. Rosner, Prog. Theor. Phys., 66 (1981) 
1421; J. L. Rosner and M. P. Worah, 
Phys. Rev., D 46 (1992) 1131. 



